The objective of this study was to identify factors which limit leaf nitrate reductase (NR) activity as decline occurs during flowering and beginning seed development in soybean (Glycine max [L.] Meff. cv Clark). Level of NR enzyme activity, level of reductant, and availability of NO3-as substrate were evaluated for field-rown soybean from flowering through leaf senescence. Timing of reproductive development was altered within one genotype by (a) exposure of Clark to an artificially short photoperiod to hasten flowering and podfill, and (b) the use of an early flowering isoline. Nitrogen (N) was soil-applied to selected plots at 500 kilograms per hectare as an additional variable. Stem NO3-concentration and in vivo leaf NR activity were significantly correlated (R2 = 0.69 with nitrate in the assay medium and 0.74 without nitrate in the medium at P = 0.001) across six combinations of reproductive and soil N-treatment. The supply of NO3-from the root to the leaf tissue was the primary limitation to leaf NR activity during flowering and podfill. Levels of NR enzyme and reductant were not limiting to leaf NR activity during this period.
The relative contribution of NO3-reduction and symbiotic dinitrogen fixation to the N nutrition of soybean (Glycine max [L.] Merr.) has been investigated by a number of workers (10, 28, 29) . Earlier work has established that NO3-reduction in the leaves is chiefly responsible for N accumulation during vegetative development, reaching a maximum at beginning to full flower (12, 28) . A sharp decline in leaf NR2 activity has been reported to follow within the 2 to 3 weeks after flowering (10, 29) . Schweitzer and Harper (23) used variable reproductive timing within a soybean genotype to further demonstrate that the timing of seasonal decline in leaf NR activity was associated with flowering and podfill.
Reproductive development may potentially influence leaf NR activity by affecting NR enzyme level, the availability of reductant (electron donor for NR activity), or by affecting substrate (NO3-) availability. Nicholas et al. (18) reported that dark pretreatment resulted in lower in vivo leaf NR activity in soybean. Low NR activity under these conditions was attributed to a net loss of enzyme and to a depletion of reductant. Subsequent illumination resulted in an increase in NR activity. Net synthesis of the NR enzyme and increased reductant were credited for this recovery. The addition of glucose (to supplement glycolysis and PPP for the production ofNAD[P]H) to the in vivo assay medium increased NR activity for dark-treated plants while the addition Purdue Agricultural Experiment Station Paper No. 10,360. 2Abbreviations: NR, nitrate reductase; PPP, oxidative pentose phosphate pathway; DAP, days after planting.
of N03-resulted in no increase in activity. Shaner and Boyer (24, 25) reported that a variety of factors which decreased the movement of nitrate from roots to leaves resulted in a parallel decrease in NR activity in soybean. The transport of NO3-to the leaves from the roots was found to play a much larger role than leaf NO3-level in regulating leaf NR activity (24) . Studies monitoring the flow of NO3-from the root to the leaf by direct xylem exudate analysis have demonstrated decreasing NO3-levels over the growing season (14, 26) . Entire stem segment NO3-analysis has been used to indicate the supply of NO3-available to the leaves via the xylem, since levels of NO3-are near zero in the phloem (20) . Decreasing leaf NO3-concentration has also been reported in association with declining leaf NR activity in soybean (16, 28) . However, total leaf NO3-measurements overestimate NO3-readily available for reduction, by measuring NO3-held in a relatively unavailable storage pool in the vacuole (8, 24) . High levels of soil-applied N have been shown to increase leaf NR activity and to delay its late-season decline in soybean (23) .
There remains uncertainty as to the precise relationship between reproductive development and seasonal change in the N nutrition of soybean. Investigations comparing the seasonal N nutrition patterns of cultivars representing different relative maturities have unavoidably compared other genotypic differences as well. The present study used three levels of timing of reproductive development to evaluate its impact on leaf NR activity within a single genotype. The objective was to identify factors which become limiting to leaf NR activity as seasonal decline occurs during flowering and podfill. Levels 'Clark' was used as the control cultivar to which an early flowering isoline ofClark and a short-photoperiod exposed Clark were compared. Short-photoperiod exposure to hasten flowering was as described by Schweitzer and Harper (23). Short-photoperiod exposure was from June 11 (two-leaf stage in the Clark control) through July 6, at which time ambient day length was sufficiently short to cause flowering in the control plants. A total of 500 kg of N/ha was soil-applied in split applications as NH4NO3 to N-amended plots. Applications were made at 21 and 59 DAP (corresponding to three-leaf and flowering stages, respectively, in the Clark control).
Three plants were harvested at random from the middle two rows of each plot at 7-to 10-d intervals during flowering and podfill for determination of in vivo leaf NR activity. Plants were excised at the cotyledonary node and the main stem trifoliolate leaves were immediately removed and placed into plastic bags on ice for transport to the laboratory. Laminar discs were sampled from the central leaflet of each trifoliolate leaf to provide a fresh weight of 0.3 to 0.6 g. Leaf NR activity was determined as described by Nicholas et al. (17) with NO2-accumulation determined colorimetrically as described by Harper and Hageman (12). K-phosphate (100 mM, pH 7.5) with 1% (v/v) propanol was used as the in vivo NR assay medium. Where nonlimiting substrate levels were desired, 50 mM KNO3 was added to the medium as in Nicholas et al. (17) . A concentration of 100 mM glucose was added to the medium where a supplementary source of reductant was desired (18) . A combination of 50 mm KNO3 plus 100 mm glucose was added to the assay medium to provide nonlimiting substrate and reductant as an additional in vivo assay environment.
To determine stem NO3-concentration, subsamples (0.3 g) of oven-dried, ground stem tissue were placed into test tubes and 30 ml of distilled-deionized H20 were added. The samples were incubated in a shaking water bath at 60°C for 90 min. Following incubation the extracts were filtered and the NO3-content of a 10-ml aliquot of filtrate was determined using steam distillation as described by Bremner (4). Dry weight determinations of stem, pod, and seed tissue followed oven-drying at 60°C for 96 h.
Statistical Analysis. Experimental design was a randomized complete block with four replications. A split for 0 and 500 kg of soil-applied N per ha was also included in the design. Analysis (12, 23) . The addition of NO3-to the assay medium significantly increased leaf NR activity for plants in all treatments without soil-applied N on most sampling dates, suggesting adequate enzyme level but limited substrate supply (Fig. 1) . The addition of glucose alone to the assay medium produced no increase in leaf NR activity for any reproductive treatment, suggesting that adequate reductant was available as the decline in NR activity occurred after full flower in the absence of soil-applied N. Previous reports (1, 2, 17) noted that glucose addition to the in vivo NR assay medium increased leaf NR activity in plants where reductant was limiting (e.g. following dark pretreatment). The addition of NO3-plus 100 mm glucose to the assay medium did not increase leaf NR activity to a greater extent than the addition of NO3-alone (Fig.  1) . Hence, even in the presence of saturating levels of substrate, reductant was not limiting to leaf NR activity.
Soil-applied N increased leaf NR activity for all reproductive treatments without N03-in the assay medium (Fig. 1) (13) reported maximum soybean leaf NR activity at flowering, and a second, lesser peak in activity during podfill following heavy precipitation where 280 kg N per ha had been soil-applied.
Paralleling the overall decline in leaf NR activity after full flower, stem NO3-concentration was highest on the first sampling date and gradually decreased thereafter for Clark control, early isoline, and short-photoperiod plants grown without soilapplied N (Fig. 2) . Comparisons among reproductive treatments revealed a more rapid decline in stem NO3-concentration during podfill in the early flowering isoline than in the control. Others have also reported a decline in stem NO3-after flowering in soybean (21, 26) . Stem NO3-concentration for plants receiving soil-applied N was 2 to 3 times higher than that observed for plants grown without soil-applied N (Fig. 2) . The stem N03 concentration of the early isoline was significantly lower than that of the Clark control at several sampling dates late in the season, indicating early decline in association with early flowering. As with plants grown without soil-applied N, the decline in stem NO3-concentration paralleled the overall decline in leaf NR activity during podfill in each reproductive treatment. However the late-season (90-100 DAP) increase in leaf NR activity occurred at a time when stem NO3-level was in continued decline. Measurements of leaf NR activity and stem NO3-concentration on these dates were made in conditions of clear skies, warm temperatures, abundant soil moisture and unusually low RH. These conditions are conducive to high transpiration rates and likely contributed to high total NO3-flux to the leaves, resulting in the late-season peak in leaf NR activity which was observed. Under these conditions, the instantaneous NO3-concentration of the transpiration stream may have been low despite high NO3-flux (24) . In view of the overall decline in leaf NR activity which was observed during podfill, high total NO3-flux under these conditions is likely to have elevated late-season NR activity despite continued decline in stem NO3-concentration. Regression analysis was conducted to test the overall relationship of leaf NR activity to stem NO3-content across a broad array of reproductive timing, applied N, and environmental variables. This analysis indicated that leaf NR activity (both with and without NO3-in the assay medium) and stem NO3-content were highly correlated across all six reproductive timing and soil-N treatment combinations and five sampling dates (P = 0.001) (Fig. 3) . The RK-value with NO3-in the assay medium was 0.69 and the R without NO3-in the medium was 0.74. These results imply that the decline in leaf NR activity during podfill was due to inadequate transport of NO3-from the root to the leaf. The rate of NO3-transport from root to leaf has been shown to strongly influence leaf NR activity in corn (24, 25 environmental conditions, and with high levels of NO3-present ing podfill and the corresponding decline in leaf NR activity) in field hydroponics (6, 15 N03-concentration despite the continued availability of N03-in the rooting medium. Streeter (26) (Figs. 1 and 2) . These results implied a competitive relationship for photosynthate between developing seeds and active NO3-uptake by the roots. Hormonal control may play an important role by altering the production and partitioning of carbon assimilates. Shoot apex removal from soybean seedlings has resulted in increased NO3-uptake, transport and reduction in previous, short-term studies (7). An inverse relationship between seasonal leaf NR activity and root nodule nitrogenase activity has been reported in soybean (9, 28) . Thibodeau and Jaworski (28) suggested that nodule development may enhance the transport ofphotosynthate to the nodules and reduce the energy available for the uptake of NO3-by the roots. Comparisons of carbohydrate distribution in non-nodulating isolines and their nodulating counterparts demonstrated that nodules compete successfully with roots for carbohydrates (27) . Soil-applied N repressed nodule formation in the present experiment, eliminating this source of competition for photosynthate. Further increases in NO3-uptake and leaf NR activity were the likely result of this decrease in competition in the presence of soil-applied N. Harper (1 1) reported a small increase in NO3-uptake and leaf NR activity where photosynthesis was increased in C02-enriched soybean. Pan et al. (19) reported that increased proliferation of lateral roots resulted in increased NO3-uptake by corn. Increased K+ uptake by corn roots has been shown to increase NO3-uptake indirectly, as K+ is a counterion for the movement of NO3-into the xylem (3, 19) . Harper (9) reported a peak K+ uptake rate at full bloom with subsequent decline during podfill in soybean. However, the seasonal pattern of K+ uptake lagged behind NO3-uptake by 1 week in that experiment.
An inadequate supply of available NO3-at the leaf was suggested as the primary limitation to leaf NR activity as its overall decline was observed during flowering and podfill in our experiments. The overall decline in leaf NR activity paralleled the decline in stem NO3-concentration as leaf NR activity was highly correlated with stem NO3-concentration across six combinations of reproductive timing and soil N-treatment. The addition of NO3-to the in vivo leaf NR assay medium resulted in increased activity and indicated adequate enzyme level as decline in NR activity occurred during flowering and podfill. Additions of 100 mM glucose to the assay medium resulted in no increase in NR activity in any treatment, suggesting that adequate reductant was also available. While restricted root uptake of NO3-was the likely source of restriction on N03-supply and leaf NR activity during podfill, further work is required to more fully understand this relationship. 
